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The separation of liquid phase and vapor phase laser-
induced fluorescence (LIF) signals using tracer species
suffers from uncertainties in tracer–fuel coevaporation, as
well as a disparity in liquid and vapor signals. This work
demonstrates the use of a simple technique, referred to as
lifetime-filtered LIF, to help separate the liquid and vapor
signals of fuel sprays in oxygen-free environments without
the use of added tracers. This is demonstrated for a common
aviation fuel, Jet-A, using prompt detection of the liquid
phase and time-delayed detection of the vapor phase.
A scaled liquid signal subtraction algorithm is also demon-
strated for removing vapor phase signal contamination
caused by the largest droplets. © 2019 Optical Society of
America
https://doi.org/10.1364/OL.44.002101
The visualization of fuel sprays in propulsion and industrial
applications is often accomplished using planar laser-induced
fluorescence (PLIF) [1]. Discriminating between regions of
liquid and vapor in spray systems undergoing phase change re-
mains a significant challenge. As the signals scale with number
density, the vapor-phase signal is typically overwhelmed by
liquid phase fluorescence and by the spurious signal surround-
ing the evaporating droplets due to nearby pixel saturation
(i.e., halation) [2].
Several approaches to laser-excited liquid–vapor imaging
have been studied to address these issues [3–5]. Ritchie and
Seitzman used a combination of acetone fluorescence and phos-
phorescence to discriminate between the liquid and vapor
phases by capturing two frames in rapid succession [5]. The
first short exposure image captures both the liquid and vapor
fluorescence emissions while the second image has a longer ex-
posure and captures the liquid phase phosphorescence only.
The second frame is used to calculate droplet size and could
allow for the droplet fluorescence signal to be subtracted from
the first image, leaving only the vapor fluorescence signals [5].
The large discrepancy in signal intensities was used in this study
to manually identify liquid and vapor in the images, which is
heavily biased towards larger droplets with stronger signals.
Furthermore, vapor measurements using this method may also
suffer from halation effects because the vapor fluorescence
signal is captured in the first image, which also exhibits high
signal levels from the liquid signal.
A more common approach to liquid–vapor imaging uses ex-
ciplex tracer fluorescence for spectral discrimination of liquid
and vapor phase signals [6,7]. This technique uses a monomer
and ground state molecule seeded into a host fuel. The use of
these tracers is enticing because the liquid phase emission is
redshifted with respect to the vapor emission. The photophy-
sics for this phenomenon are explained in [6]. While exciplex
tracers offer an ability to use optical filters to isolate a liquid
phase signal, this technique also has several limitations. The
tracers must be soluble in the host fuel, and the boiling points
must be sufficiently close to that of the fuel such that the mix-
ture coevaporates. One must also ensure that the concentration
and fluid properties of the tracers do not alter the breakup
behavior of the spray. Also, the host fuel must not emit at a
wavelength that overlaps with the tracer vapor or liquid phase
emissions. Finally, a phenomenon known as cross talk arises
due to an overlap in the emission spectra of the liquid and vapor
signals [8]. In prior work, this cross talk was shown to be elim-
inated by the use of lifetime gating of the exciplex fluorescence
of the liquid and vapor tracers [9].
This Letter reports the use of tracer-free lifetime filtering of a
commercial multicomponent fuel, such as Jet-A aviation fuel,
to discriminate between liquid and vapor by taking advantage
of the relatively fast decay rate of the liquid fluorescence signal.
The liquid fluorescence intensity can initially be orders of mag-
nitude stronger than the vapor signal because fluorescence is
number-density dependent. However, the liquid phase lifetime
is shorter due to faster nonradiative decay mechanisms such as
collisional quenching at higher number density. Temporal
filtering can then be applied to favor the vapor phase based
on the delay between the laser pulse and the camera exposure
(see illustration in Fig. 1).
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Here, a short (∼4 ns) laser pulse induces fluorescence in
both phases, with the liquid phase signal dominating at early
times (near t  0 ns). An intensified camera system with a
short time gate (∼5 ns) can then be used to capture images
consisting primarily of the liquid phase. An image captured tens
of nanoseconds later would favor the vapor phase due to its
relatively long fluorescence lifetime. The time delay between
the two images is sufficiently small such that the flow is still
considered “frozen” in time.
The excitation source used to demonstrate this approach
was a custom-built frequency-quadrupled Nd:YAG laser with
a ∼4 ns pulse width. A Pellin–Broca prism and dichroic mirror
were used to ensure that any residual 532 nm light had been
separated from the 266 nm excitation beam prior to it reaching
the region of interest. The laser sheet image depicted in Fig. 2
shows a relatively uniform profile, which was useful for tests
involving a drop subtraction algorithm to remove the residual
signal from large droplets.
PI-Max 1024i (Princeton Instruments) and iStar (Andor)
intensified charge-coupled device (ICCD) cameras were timed
tens of nanoseconds apart for optimal liquid and vapor imag-
ing. The typical gate width used was 5 ns as shown in the tim-
ing diagram in Fig. 1. A dot chart calibration was used for
image registration with DaVis 8 (Lavision) and MATLAB
codes in postprocessing. Long-pass filters with optical density
>6 for λ  217–266 nm (Semrock) were used to reject laser
scattering, and intensifier gains were adjusted to avoid satura-
tion. A droplet generator (MicroFab MJ-SF-04-20) was used to
emit a monodisperse stream of droplets with ∼95 μm diameter,
measured using a CCD camera (PointGrey Chameleon 2.0)
and long-distance microscope objective (Infinimax KX) with
17 μm resolution (based on a 10–90% rising edge).
Representative shadowgraphs are shown in Fig. 2. Although
this flow system was limited in terms of the minimum drop
size, it created a steady flow environment that was useful for
a liquid signal subtraction demonstration described later. For
a more representative fuel spray case, an air-atomizing nozzle
(Spraying Systems Co. 1/4J-SS-SU42-SS) was used. This noz-
zle produced a full spray cone with a specified mean drop diam-
eter of ∼15 μm. The atomizing gas used was high-purity
(>99.995%) nitrogen to prevent fluorescence quenching by
oxygen. The vapor flow was supplied using a custom-built
vaporization system that also requires a nitrogen coflow to
prevent quenching.
A series of time-delayed images was acquired using the same
imaging system to enable a direct comparison of liquid and
vapor signal intensities. For example, to determine the initial
fluorescence intensity (defined as t  0 ns), a minimum of
three images were captured in which the camera gate opened
immediately after the laser pulse. The average signal across all
three frames was then used to represent the fluorescence inten-
sity at 0 ns. The process was then repeated for longer time de-
lays. A MATLAB script was used to determine the liquid signal
by averaging all pixel values inside the FWHM of the top 100
most intense droplets in each frame into a single value. For the
vapor signal, uniform regions within the frames were averaged
for each time step. Figure 3 shows fluorescence decay profiles
for a Jet-A liquid spray and vapor following the laser pulse using
this method, along with sample images collected at 0 ns and
33 ns time delays.
Fig. 1. Lifetime-based filtering timing diagram. The early and late
camera time gates are shown along with illustrative decays of liquid-
and vapor-phase fluorescence signals.
Fig. 2. Experimental setup for liquid–vapor imaging. LP, long-pass
filter.
Fig. 3. Jet-A liquid and vapor fluorescence decay profiles (top plot)
and sample images at 0 ns and 33 ns time delays (bottom images).
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The liquid and vapor decay profiles in Fig. 3 were obtained
separately but using the same imaging conditions. The laser
sheet was 8 mm wide by 0.7 mm thick with a fluence of
∼85 mJ∕cm2. The vaporizer outlet temperature was 195–
204°C. The error bars shown are the standard deviation in sig-
nals for all frames for each time step. The initial signal intensity
of the liquid is ∼4× that of the vapor signal. The vapor signal
begins to dominate at 23 ns after the pulse, and by 33 ns the
average vapor signal is more intense than the top 100 droplets
and the majority of the droplets in the spray. Note that the
detection of the liquid and vapor phase signals at two different
times on two different cameras allows separation of the two
signals even where liquid drops and vapor are overlapping in
space and are not resolved by each camera.
To quantify the decay of the liquid signal in time, Fig. 4
shows the probability density functions (PDFs) of the liquid
fluorescence signals at 0 and 33 ns using bin sizes of 1500
and 50, respectively, along with a PDF of the vapor fluores-
cence signal using the same imaging conditions. The sample
data were taken from three frames for each phase. Figure 4(a)
shows the fluorescence intensity PDF for a Jet-A spray at 0 ns
and the corresponding vapor signal PDF obtained from sam-
pling all pixels in the vapor region. The results show that when
inspecting the top 100 drops from each frame, all are signifi-
cantly more intense than the vapor signal, and some are an
order of magnitude higher.
Figure 4(b) shows the PDFs at 33 ns after the laser pulse.
Using the same MATLAB script described previously to quan-
tify the signal of all drops detected in the three frames corre-
sponding to the 33 ns delay, it was determined that the average
vapor signal is greater than 99.8% of the detected drops. By
averaging the signal of all detected drops and all pixels in
the vapor region at the 33 ns delay, the vapor-to-liquid signal
ratio is found be nearly 7∶1.
If there is a significant number of large drops in the flow
field and/or a low vapor concentration, the time delay required
to eliminate the liquid signal may cause the vapor signal to drop
to an excessively low level. In such cases, a shorter time delay
may increase the vapor signal but require a scaled subtraction of
residual liquid signal, similar to cross talk corrections for exci-
plex fluorescence [8]. To demonstrate scaled subtraction of
residual liquid signals from a vapor image, a case with large
∼95 7 μm drops in a prevaporized flow of Jet-A was gener-
ated (see Fig. 2) with a short time delay of only 20 ns between
the liquid and vapor cameras. The optical setup was modified
to produce a uniform, 2 mm wide, 16 mm long sheet with a
fluence of 15.8 mJ∕cm2. An image of this sheet is shown in
Fig. 2. The stream of drops was centered within this sheet using
a translation stage such that the flow was along the length of the
sheet. This was done so that small lateral movements of the
drops do not cause large fluctuations in fluorescence signal
from shot to shot. Figure 5 shows spatially matched images
captured 20 ns apart and the corresponding shadowgraph used
for drop sizing.
While the drops are large enough to be fully resolved in this
case, signals within a 20 × 20 pixel2 bin were averaged to
emulate the more common case in which the signal from un-
resolved drops is subtracted from a vapor signal at the same
location. The resulting binned images are shown in Fig. 6.
The images in Fig. 6 show that the 20 ns delay reduces the
liquid signal but, unlike the case of 33 ns, is too short to reduce
it below the vapor signal. In such cases, information from two
temporally separated images, combined with knowledge of the
liquid and vapor fluorescence lifetime, can be used to subtract
a scaled liquid signal from the time-delayed vapor image.
Fig. 4. Probability density functions for Jet-A spray and vapor jet.
The top 100 drops, all detected drops, and vapor intensity are shown
for (a) 0 ns and (b) 33 ns time delays.
Fig. 5. Simultaneous images with nonoptimal 20 ns time delay to
demonstrate scaled subtraction, if needed, for large droplet signals.
Fig. 6. Binned images of droplets in a vapor flow to create pixels
with unresolved droplets for testing removal of residual liquid signal.
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The first step is to create a mapping of the apparent lifetime of




τL  I ve−
t
τv , (1)
where I v is the initial vapor intensity, IL is the initial liquid
intensity, τL is the liquid lifetime, τv is the vapor lifetime,
and t is the time delay after the laser pulse. A map of the ap-
parent lifetime of the combined signal is determined by varying
the ratio, R, which is the fraction of the initial signal that is
vapor,
R  I v
I v  IL
: (2)
The vapor fluorescence signal is typically best represented by a
biexponential fit and would require a short- and long-lifetime
component. However, the early part of the decay can be rep-
resented by a single exponential as was done in this case.
Equation (1) was used with a liquid lifetime of 10.7 ns and
a vapor lifetime of 15.8 ns to create the apparent lifetime plot
in Fig. 7.
The next step is to calculate the apparent lifetime of a region
based on the signal decay between the first image, I 0, and the
image captured 20 ns later, I 20. R is calculated from the appar-
ent lifetime using the results in Fig. 7. The following operation
could then be applied on a pixel-by-pixel basis to yield the cor-
rected image in which the liquid signal has been subtracted,
I c  I20 − I 01 − RGce−tτL , (3)
where I c is the corrected image and Gc is a constant to account
for variations in gain and quantum efficiency of the cameras.
Gc is determined by capturing simultaneous images of single
droplets using the two cameras and calculating the average ratio
of the intensities observed. For a region in which R  1, mean-
ing that the entire signal originates from vapor, the second term
is eliminated and that region in I 20 is left unchanged. In all
other cases, the liquid contribution in I 0 is corrected for im-
aging system differences using Gc and adjusted for signal decay
over the delay in image capture before being subtracted from
I 20. Hence this procedure can be applied to the entire image
without isolating specific droplets, yielding the corrected image
in Fig. 8. This operation was successful in subtracting drops
from the vapor image. Note that regions with subtracted drops
appear similar to their surroundings because the drop size of
95 μm is much smaller than the laser sheet width of 2 mm,
retaining ∼95% of the vapor in that region after subtraction.
In regions of low vapor signal, however, slight errors in the
calculation of the apparent lifetime could result in an erroneous
subtraction of a portion of the vapor signal. In a region of low
vapor intensity, circled in Fig. 8, this resulted in a maximum
error of 22% defined as the subtracted percentage of the origi-
nal vapor signal. These results could be improved using a
shorter time delay and higher gain on the delayed image, as
a stronger vapor signal would lead to decreased error in the
apparent lifetime calculation.
In summary, tracer-free PLIF using lifetime filtering has
been demonstrated for liquid–vapor imaging. While the liquid
signal dominates at early times, the vapor signal is demon-
strated to dominate at delayed times in a polydisperse spray.
Alternatively, an operation has been presented in which a
two-camera setup can be used to eliminate the liquid signal
from unresolved droplets in the vapor image. Future work
includes characterization of lifetime-filtered LIF for individual
fuel components and other multicomponent fuels under
varying temperatures and pressures.
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